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Abstract 
In recent years, an increasing number of observations have been made of the transits 
of ‘Hot Jupiters’, such as HD 189733b, about their parent stars from the visible 
through to mid-infrared wavelengths, which have been modelled to derive the likely 
atmospheric structure and composition of these planets. As measurement techniques 
improve, the measured transit spectra of ‘Super-Earths’ such as GJ 1214b are 
becoming better constrained, allowing model atmospheric states to be fitted for this 
class of planet also. While it is not yet possible to constrain the atmospheric states of 
small planets such as the Earth or cold planets like Jupiter, it is hoped that this might 
become practical in the coming decades and if so, it is of interest to determine what 
we might infer from such measurements. In this work we have constructed 
atmospheric models of the Solar System planets from 0.4 – 15.5 µm that are 
consistent with ground-based and satellite observations and from these calculate the 
primary transit and secondary eclipse spectra (with respect to the Sun and typical M-
dwarfs) that would be observed by a ‘remote observer’, many light years away. From 
these spectra we test what current retrieval models might infer about their 
atmospheric states and compare these with the ‘ground truths’ in order to assess: a) 
the inherent uncertainties in transit spectra observations; b) the relative merits of 
primary transit and secondary eclipse spectra; and c) the advantages of acquiring 
directly imaged spectra of these planets. We find that observing secondary eclipses of 
the Solar System would not give sufficient information for determining atmospheric 
properties with 10m-diameter telescopes from a distance of 10 light years, but that 
primary transits give much better information. We find that a single transit of Jupiter 
in front of the Sun could potentially be used to determine temperature and 
stratospheric composition, but for the Earth the mean atmospheric composition could 
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only be determined if it were orbiting a much smaller M-dwarf. For both Jupiter and 
Earth we note that direct imaging with sufficient nulling of the light from the parent 
star theoretically provides the best method of determining the atmospheric properties 
of such planets. 
1. Introduction 
The field of exoplanetary transit spectroscopy has advanced dramatically in recent 
years with the observed spectra of ‘Hot Jupiter’ planets such as HD 189733b and HD 
209458b becoming increasingly better constrained. These spectra can be fitted with 
retrieval models to determine atmospheric states (Line et al., 2013; Lee, Fletcher and 
Irwin, 2012) and reveal atmospheres that are very different from anything seen in our 
Solar System. As the measurement techniques improve, the spectra of smaller, cooler 
‘Super- Earths’ such as GJ 1214b (Barstow et al. 2013b; Benneke and Seager 2013; 
Kreidberg et al., 2014) are becoming measurable and ultimately planetary scientists 
will want to search the local galactic region for planets more similar to what we see in 
our Solar System and one day, perhaps, identify another Earth-like planet.  
Should such a situation ever arise, it is of great interest to determine what we 
might actually deduce from the measured transit spectrum of a Solar System planet 
and a number of studies have been performed to investigate this. For example, Tinetti 
et al. (2006) modelled the disc-averaged spectrum of the Earth from 0.5 – 25 µm, 
looking at the effect of various factors such as different surfaces and clouds, and more 
recently Rugheimer et al. (2013) have studied the disc-averaged spectra of Earth-like 
planets about F, G and K stars from 0.4 to 20 µm, looking at the visibility of 
detectable gaseous features. von Paris et al. (2013) looked to see how well potentially 
habitable planets could be characterized from secondary eclipse observations from 
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proposed exoplanet missions such as the Exoplanet Characterisation Observatory 
(EChO, Tinetti et al. 2012), and also early direct imaging mission proposals such as 
Darwin (Léger et al., 1996; Cockell et al. 2009a; Cockell et al. 2009b). von Paris et al. 
(2013) found that using secondary eclipses or direct imaging the atmospheric 
composition would not be well determined, but that the surface temperatures of small 
rocky planets could be recovered reasonably well. For primary transits, Kaltenegger 
and Traub (2009) modelled the primary transit spectra of Earth-like planets about 
different stars from 0.3-20 µm looking at the detectability of different features and 
Bétrémieux and Kaltenegger (2013) examined the effect of atmospheric refraction 
and Rayleigh scattering in the UV to near-IR range.  
In this work we construct simple atmospheric models of the Solar System planets 
Jupiter and Earth based on ground-based and satellite observations. From these 
models we compute their primary transit, secondary eclipse and directly-imaged 
spectra as seen from an observer ten light years away with a 10-m diameter space 
telescope, for the planets orbiting the Sun or an M-dwarf. We then examine what 
might be recoverable from these spectra by a ‘remote observer’ and compare the 
retrieved results with the actual atmospheric states of these planets. 
2. Construction and validation of Synthetic spectra 
For this study, synthetic spectra were calculated with the NEMESIS radiative transfer 
and retrieval model (Irwin et al. 2008). NEMESIS takes a model atmosphere, which 
defines the temperature profile as a function of pressure, together with the volume 
mixing ratio profiles of the constituent gases and the abundance profiles of clouds and 
aerosols and calculates the spectrum that one would expect to observe using, as a 
default, a correlated-k radiative transfer scheme. This modelled spectrum is then 
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compared to that measured and the model parameters adjusted, using the technique of 
Optimal Estimation (Rodgers, 2000), to minimise the difference between the 
modelled and measured spectra. In this study we wish to simulate both thermal 
emission and reflected sunlight spectra of Earth and Jupiter and so we used a multiple 
scattering/thermal emission model, which is dealt with in NEMESIS using the matrix 
operator formalism of Plass et al. (1973); a five point Gauss-Lobatto quadrature 
scheme was chosen for the zenith angle integration, while the azimuthal integration 
was performed with Fourier decomposition, using N Fourier components, where N is 
set adaptively from the viewing zenith angle, θ, as N = int(θ /3). To run this model, k-
tables had first to be computed, which pretabulate the k-distributions of the absorption 
of different gases (e.g. Goody et al., 1989; Lacis and Oinas, 1991) at a set range of 
pressures and temperatures, for an assumed spectral resolution. In this study we chose 
to calculate these k-tables at a spectral resolution of 0.025 µm, to cover the range 0.4 
to 15.5 µm. This resolution was chosen to be the same as the Galileo Near Infrared 
Mapping Spectrometer (NIMS) observations of Jupiter that we compare our model 
with (as described below) and is reasonably consistent with the spectral resolving 
power of the other observed spectra we used. The k-tables were calculated with 20 
temperatures in the range 70 to 400K and 20 pressures equally spaced in log pressure 
between 3.1 × 10-7 and 20.3 bar. Where available, the k-tables were calculated from 
HITRAN 2008 line data base (Rothman et al., 2008). However, for methane the band 
data of Karkoschka and Tomasko (2010) were used at near-IR wavelengths where the 
HITRAN 2008 data become insufficient. Similarly the NH3 k-table was based on the 
band data of Bowles et al. (2008), combined with HITRAN 2004 and HITRAN 1996 
linedata as described by Sromovsky and Fry (2010). 
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To construct the expected transit spectra of Earth and Jupiter, synthetic 
atmospheres first needed to be set up, with representative temperature, pressure, 
volume mixing ratio and cloud opacity profiles. These profiles were used to simulate 
the observations of Earth-observing and Jupiter-observing satellites to ensure 
consistency before moving on to simulate the transit spectra of these planets. 
2.1 Jupiter 
For Jupiter, the initial temperature/pressure/volume-mixing-ratio (vmr) profile was 
chosen to be consistent with the observations of the Composite Infrared Spectrometer 
(CIRS, Flasar et al., 2004) instrument on the NASA Cassini spacecraft, which covers 
the spectral range 7 – 1000 µm. A representative nadir co-added observed spectrum 
was used for this process and the atmospheric profiles fitted as described by Irwin et 
al. (2003) and Fletcher et al. (2009). To fit the cloud opacity needed to simulate the 
near-infrared and visible parts of the spectra, we made a simple approximation of 
assuming the particles to be composed of spherical droplets with a complex refractive 
index of 1.4 + 0i, and a standard Gamma size-distribution of mean-size 1 µm and 
variance 0.05. The extinction cross-section spectra and phase function spectra were 
then calculated with Mie Theory and the phase function approximated with combined 
Henyey-Greenstein functions for computational simplicity, where the phase function, 
p(θ), is modelled as 
 ! ! = !!! ! !!!!!!!!!!!!!!cos! !/! + 1− ! !!!!!!!!!!!!!!cos! !/!! . (1) 
This function has three parameters, f, g1 and g2, where g1 is the asymmetry of 
the forward scattering function, g2 is the asymmetry of the backward scattering 
function and f determines the relative contribution of each. Since the assumed 
particles have no absorption, the single-scattering albedo was calculated to be unity at 
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all wavelengths. The scattering particles spectral properties were calculated with a 
step size of 0.1 µm, with linear interpolation between calculated points. Clouds and 
hazes in Jupiter’s atmosphere were approximated with a single haze layer with 
variable base pressure and parameterised total nadir optical depth at 1.6 µm. The 
fractional scale height of this layer was set to 0.5, in accordance with NIMS near-
infrared studies (Irwin et al., 2001). The synthetic model was compared with a set of 
four Galileo/NIMS spectra, previously analysed by Irwin et al. (1998), the so-called 
‘Real-time’ spectra. Here we chose the fourth spectrum of this set, which has the 
highest 5-µm emission and thus the lowest opacity of the deeper cloud allowing 
radiation from the 5-8 bar level to escape to space, and adjusted the haze layer base 
pressure and optical depth to achieve reasonable agreement at near-IR wavelengths, 
eventually placing the haze at a base pressure of 0.56 bar, with a nadir optical depth at 
1.6 µm of 5.25. The comparison between the synthetic spectra and the Galileo/NIMS 
and Cassini/CIRS spectra is shown in Figures 1 and 2, in terms of radiance and 
reflectivity respectively. Since the Galileo/NIMS and Cassini/CIRS spectra do not 
cover the complete spectral range of these simulations we also compared the 
calculations with the measured ISO/SWS (T. Encrenaz and T. Fouchet – private 
communication) spectrum (which is close to a disc-average) and with a reference 
visible ground-based albedo spectrum of Jupiter described by Karkoschka (1994). In 
the first panel of Figs 1 and 2, the synthetic spectrum is calculated at the 
Galileo/NIMS geometry of 42° solar incident angle and 0° emission angle (which is 
also consistent with the Cassini/CIRS observations), while the latter two panels are 
calculated at 45° solar incidence angle, 45° emission/reflected angle and 180° azimuth 
angle, i.e. in the back-scattering direction, which is more consistent with the geometry 
of the ISO/SWS and ground-based visible albedo observations (as discussed in 
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section 3). It can be seen that good agreement is achieved between the modelled and 
measured spectra. One area of disagreement is in the 2.5-3.0 µm region, which is due 
to additional absorption by NH3 ice and solid NH4SH (Irwin et al, 2001; Sromovsky 
and Fry, 2010). The poor performance at short visible wavelengths is due to the 
omission of the known blue/UV absorption of Jovian hazes. In both cases, the single-
scattering albedo of our haze particles was adjusted by hand in these spectral regions 
to achieve the final improved fit shown in the third panels of Figs 1 and 2. Note that 
we tuned our model to give good agreement between the synthetic spectrum and the 
reference NIMS spectrum at 5 µm, but this agrees less well with the ISO/SWS 
spectrum. This is because the ISO/SWS spectrum is an average over cloudy and non-
cloudy areas, whereas the reference NIMS spectrum was recorded in a region where 
the opacity of the deeper cloud was minimal.  
 
2.2 Earth 
For the Earth, the initial standard temperature/pressure profile was taken to be the US 
standard atmosphere of Anderson et al. (1986), which is typical for a latitude of 
45.5°N. The surface temperature was set to the near-surface air temperature of 288.2K. 
A single cloud was chosen, with variable base altitude and variable opacity, with the 
fractional scale height set to 0.1. The complex refractive index spectra of the cloud 
particles was set to that of water vapour (Hale and Query, 1973), with again a 
standard Gamma size-distribution of mean-size 1 µm and variance 0.05 and the 
extinction cross-section, single scattering and phase function spectra (approximated 
with combined Henyey-Greenstein functions) calculated with Mie theory. To achieve 
a spectrum consistent with visible/near-IR observations, synthetic spectra were 
compared with Rosetta/VIRTIS (Coradini et al., 2007) observations of the Earth 
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during Rosetta’s third Earth flyby. The whole-disc observation of the Earth recorded 
by VIRTIS-M in the 00216741598 cube on 13th November 2009, was chosen for this 
exercise as it covers the entire disc and comprises of a representative sample of ocean, 
land and cloud. Since only half the disc was illuminated, just the lit side was included 
in the average spectrum. Clearly the geometry is rather different from the secondary 
eclipse case, but as a first approximation of the disc-averaged near-IR spectrum of the 
highly inhomegenous Earth, we judged this observation to provide a useful baseline. 
The resulting averaged spectrum was fitted with our retrieval model by 
simultaneously varying: the cloud opacity, the cloud base altitude, a coarse surface 
albedo spectrum (sampled only at every µm, with linear interpolation between) , and a 
scaling factor of the assumed model water vapour abundance profile to attain a 
reasonable fit to the disc-averaged spectrum, which is shown in Fig. 3. For this fit, the 
cloud base height was retrieved to be at an altitude of 8.5 km, with an optical 
thickness (at 1.6 µm) of 0.45, while the retrieved surface albedo spectrum is shown in 
Fig. 4, compared with the albedo spectra of several different expected surfaces, such 
as the ocean, vegetation and desert, extracted from the JPL ASTER Spectral Library 
(http://speclib.jpl.nasa.gov/search-1). The fitted albedo spectrum in Fig. 4 appears to 
be a plausibly representative mean surface spectrum although it appears somewhat too 
bright at the very shortest wavelengths, suggesting some aliasing with the reflection 
from low-level clouds. It was not necessary to validate the mid-infrared spectrum as 
the typical temperature structure and composition of the Earth’s atmosphere is very 
well known. This model was then frozen and used in all further calculations with the 
appropriately modified geometry.  
When validating with the Rosetta/VIRTIS observation we found that we could 
achieve a good fit at near-IR wavelengths and near 5 µm (Fig. 3), but had less success 
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in the 2.5-4.5 µm region, predicting more reflectance than is actually seen in this 
VIRTIS cube. We attribute this to the fact that the Earth is actually a very 
inhomogenous object, with variable clouds and variable surface properties, which is 
not well-approximated in this wavelength region by a single uniform cloud, single 
temperature profile, single water vapour profile and single albedo spectrum at all 
locations. For example, ‘Earthshine’ on the surface of the Moon reported by, among 
others, Montañés-Rodriguez et al. (2005), show the disc-averaged reflectivity of the 
Earth to be highly variable and Langford et al. (2009) found variations of up to 23% 
since the light is dominated by reflection from land, sea, cloud etc., whose relative 
contribution changes enormously as Earth rotates. However, the aim of this study is to 
assess the detectability of Earth and Jupiter’s absorption and emission features in 
likely observed transit spectra rather than make a perfect simulation of the 
complicated spectrum of the Earth and all we need is a model atmosphere that 
generates a spectrum that is reasonably consistent with the observed spectra. Figure 3 
shows that our model Earth atmosphere generates a spectrum that is sufficiently 
accurate for our purposes, but is also simple enough to easily test the retrieval 
accuracy in different observation scenarios.  
3. Calculation of Synthetic Transit spectra 
The NEMESIS model (Irwin et al. 2008) has recently been extended to model transit 
spectra and has been used for a number of recent analyses (Lee, Fletcher and Irwin, 
2012; Barstow et al. 2013a,b, 2014). For primary transits, Nemesis calculates the limb 
transmission of the atmosphere, TR, at different tangent altitudes and then integrates to 
find the total effective area of the planet at each wavelength: 
 !! ! = !!!! + 2!" 1− !! !!!! dR (2) 
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where R0 is the radius at a level well below the transparent part of the atmosphere, 
usually at the 10-bar level, or the solid surface for the Earth. The measured signal that 
is fitted by the model is then 100×AP/AS, i.e. the percentage area ratio, where AS is the 
disc area of the host star. We should note that no account has been taken of the effects 
of atmospheric refraction in the current study. Studies such as Bétrémieux and 
Kaltenegger (2013) show that including refraction at visible wavelengths tends to 
slightly increase the continuum background absorption and thus reduce the visibility 
of gaseous molecular absorption features by two or three percent. Such effects are 
likely to diminish at longer wavelengths. Clouds are, of course, also important 
absorbers/scatterers and recently Robinson et al. (2014) have shown that neglecting 
refraction has minimal effect on modelling Titan transit spectra since the hazes limit 
the depths to which rays can pass through the atmosphere to altitudes not significantly 
affected by refraction. Since previous studies show the effect of omitting refraction 
has only a small effect on the Earth spectrum (over the entire range 0.4 – 16 µm 
considered here) and we know that Jupiter’s atmosphere is hazy we believe that we 
are justified in not including refraction in this study. However, adding refraction 
could potentially be an avenue of future work.  
For secondary eclipses in the case where reflected sunlight is negligible (e.g. at 
long wavelengths, or if the planet is very hot), NEMESIS assumes that radiative 
transfer can be approximated by a plane-parallel atmosphere and computes the 
emission into a hemisphere using exponential integrals (e.g. Goody and Yung, 1989). 
This is then integrated over the surface of the planet to give a total spectral power (W 
µm-1) of: 
 ! ! = 4!!!!×2! !!!.!! !! !!! !!  (3) 
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where τλ is the vertical optical depth at wavelength λ and En is the exponential 
integral: 
 !! ! = !!!"!!!! d!. (4) 
NEMESIS then divides this power spectrum by the spectral power of the host star 
to give the power ratio (P/PStar)λ, which is the same as the measured spectral flux  
(W m-2 µm-1) ratio (FP/FS)λ. 
For secondary eclipses in cases where reflected sunlight becomes significant, 
Eq.3 is not applicable and instead, the disc-averaged radiance (W m-2 sr-1 µm-1) 
emerging from the atmosphere and travelling towards the observer must be integrated 
across the planetary disc: 
 !! = !!!!! !! !,!!!!!!!!!!! !d!d! (5) 
where r is the radius across the disc, φ is the polar angle of a position on the disc, 
R0 is the effective radius of the planet, and R(r,φ) is the radiance emitted towards the 
observer from that position calculated with our multiple scattering model and thus 
including reflected sunlight. Expressing the radius across the disc in terms of the local 
zenith angle, θ, Eq. 5 can be rewritten as: 
 !! = !! !! !,!!!!!!!/!!!! sin! cos! dθd!. (6) 
In reality the radiance emitted or scattered from the planet will vary with 
position. However, if we make the simplifying approximation of azimuth 
independence, then Eq.6 can be written: 
 !! = !! ! sin 2! dθ!/!!!!  (7) 
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which is the weighted mean of the radiance with the weighting function being 
sin2θ. Since the weighting function peaks at a zenith angle θ =45°, the disc-averaged 
radiance can be approximated further as !! ≈ !! 45∘ . The spectral flux (W m-2 µm-
1) arriving at the observer at a distance D from the planet is then: 
 !! = !!!!!! !! ≈ !!!!!! !! 45∘  (8) 
which can be divided by the solar flux to give the flux ratio (FP/FS)λ. 
In this paper where we need to consider both reflected sunlight and thermal 
emission, Eq. 8 was used to calculate the planetary flux, assuming the same 
temperature/aerosol/abundance profile at all locations, using as mentioned earlier, a 
Matrix Operator multiple-scattering model (Plass et al., 1973), extended to include 
thermal emission. The radiance was calculated with both the solar and emission 
angles set to 45°, in the back-scattered direction – the geometry with which a planet is 
viewed immediately before and after a secondary eclipse. At longer wavelengths, 
where thermal emission dominates and scattering becomes insignificant, tests showed 
that model spectra calculated with this method and with the analytical hemispherical 
integration method (Eq.3) were effectively indistinguishable. 
In this best case scenario study we assume that instrumental noise effects are 
minimal and thus that the measurements are photon noise limited. When measuring 
transit spectra we measure the total flux from the system before, during and after the 
transit and look for the small dip introduced by the planet on the overall spectral flux 
Fλ (W m
-2 µm-1). We calculate the noise spectrum using Eq.1 of Barstow et al. 
(2013a), to calculate the total number of photons detected during a given observation: 
 !! = !! !!! Δ!!!!""!"# (9) 
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where Δλ is the full-width-half-maximum (FWHM) spectral resolution, Aeff is the 
effective telescope area, Q is the quantum efficiency of the detectors, η is the 
throughput of the optical system (i.e. the overall transmission), and t is the total 
integration time of the observation. If the system perfomance is noise-limited, then 
the noise on this incident photon flux is !! and the noise on the measured flux (W 
m-2 µm-1) is  
 !!! = !!!! !∝ !! (10) 
since !! ∝ !!. For secondary eclipses, the flux (W m-2 µm-1) measured during 
and before/after the transit is !! = !! and !! = !!+!! respectively, where FS is the 
stellar flux and FP is the planetary flux. The planetary flux ratio is then extracted: ! = !!!! = !!!! − 1 . If F1 and F2 are measured with equal error !!!, then the error on y 
is !!! = !!!!!! ∝ 1/ !!, and thus gets worse as the flux drops at longer wavelengths. 
For primary transits, the flux (W m-2 µm-1) measured before/after and during the 
transit is !! = !! and !! = !!!!!!! !! respectively. The signal extracted is the ratio of 
planetary area to the stellar area, i.e. ! = !!!! = 1− !!!!, and so the error of y is again !!! = !!!!!! , which once more gets worse at longer wavelengths. As we will see the 
FP/FS signal for solar system planets is greatest at longer wavelengths, where the 
photon-limited noise performance is worse and so we might expect secondary eclipses 
to be less effective for determining the conditions in solar-system-like atmospheres. 
However, the AP/AS signal for solar system planets shows features at all wavelengths, 
including those at shorter wavelengths where the photon-limited noise is reduced. 
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Thus we might expect primary transits to be more effective at probing solar-system-
like atmospheres.  
For this study we made the following assumptions. We assumed that the Solar 
System was being observed from a distance of 10 light-years, with a telescope of 
diameter 10 m. This distance was arbitrarily chosen to be far enough away to make 
direct-imaging difficult, but not so far away that the Sun becomes faint.  The 
telescope diameter is typical of current ground-based telescopes and future planned, 
or proposed, space telescopes such as the James Webb Space Telescope (JWST) or 
the Advanced Technology Large-Aperture Space Telescope (ATLAST). We assumed 
that the throughput of the optical system is ! = 0.5 and that the quantum efficiency of 
the detectors is ! = 0.7. These are typical figures for currently achievable infrared 
telescope systems and are the same as used in the EChO analysis of Barstow et al. 
(2013a). Furthermore, again following Barstow et al. (2013a), we assumed a duty 
cycle of 80%. As mentioned earlier, for our spectral resolution, we assumed a similar 
resolution of the Galileo/NIMS, Cassini/VIMS and Rosetta/VIRTIS instruments and 
chose a triangular instrument function with a FWHM = 0.025 µm.  
4. Construction of a Retrieval Model 
Assuming we had time to make transit observations with sufficient SNR, the second 
aim of this work was to establish how well the atmospheric states of these planets 
could be determined and compare these estimates to the known states of the Earth’s 
and Jupiter’s atmosphere used to generate the synthetic spectra. 
The NEMESIS model was used to calculate the ‘true’ secondary eclipse flux ratio 
spectra of Earth and Jupiter, and Gaussian noise added to the level determined for a 
given number of transit observations. NEMESIS was then used to retrieve the 
! ! !17!
atmospheric properties from a ‘measured’ spectrum and the retrieved atmosphere 
compared with ‘true’. In our retrieval model, gases were in most cases assumed to be 
uniformly mixed (with a priori abundances equal to the abundances of each gas at the 
lowest level of the reference atmospheres, or representative stratospheric values for 
photochemically products such as ethane and acetylene) and the a priori error was set 
to 100%. Note that we retrieve log gas abundances in NEMESIS in order to prevent 
abundances ever becoming negative. In addition to the gases, a parameterised single 
cloud layer was included, with the fractional scale height fixed to 0.5, but the opacity 
and cloud base height allowed to vary. The a priori temperature profile was set to 
Tstrat = Teq/21/4 in the stratosphere (Irwin, 2009), where Teq is the radiative equilibrium 
temperature of the planet, down to an assumed tropopause at 0.1 bar (where the 
tropopause is typically found to occur for all the solar system planets, e.g. Robinson 
and Catling, 2014) and then followed a dry adiabatic lapse rate at higher pressures 
(assuming the molar heat capacity at constant volume, Cv=3R, consistent with an 
atmosphere dominated by polyatomic molecules). As we determine a continuous 
temperature profile, the a priori error needs to be tuned to allow sufficient freedom 
for the model to fit the temperature profile, but not too much that the solution 
becomes ‘exact’ and the model overfits the spectrum at the expense of allowing 
unrealistic oscillations to appear in the retrieved temperature profile. In addition, we 
know that in the gas giants, the temperature profile becomes barotropic at pressures 
greater than approximately 500 mbar, i.e. that the temperature/pressure profile 
becomes the same at all latitudes and longitudes due to the active convective 
overturning of such planets and thus this additional constraint was applied to our 
Jupiter a priori temperature profile. We assumed that for a giant planet such as 
Jupiter, the atmosphere would be expected to be dominantly composed of H2-He and 
! ! !18!
fixed this to near-solar values. For the Earth, we might initially suspect a CO2 
atmosphere, but the observed transit spectra (if measured with resonable precision) 
would quickly dispell this assumption and we would be led to the conclusion that the 
bulk constituent is transparent in the infrared, for which the most likely candidate 
would be a diatomic molecule such H2, O2, N2, etc. H2 could be discounted on 
exospheric escape grounds, while an atmosphere dominated by O2 would be very 
unstably reactive. Hence, we would be drawn to consider a dominantly N2-broadening 
atmosphere, which is what we have done here. It is possible that the molecular weight 
of an atmosphere (and thus bulk abundance) could be determined from the Rayleigh-
scattering part of observed primary transit spectra, but only if we could be sure of 
cloud and haze-free conditions (e.g. Benneke and Seager, 2012; de Wit and Seager, 
2013), which solar system experience would suggest is rather unlikely. Hence, we 
assumed the main consituent of Earth’s atmosphere to be N2 and looked at the 
retrievability of gases such as H2O, O3, O2 etc.  
We assumed that estimates of the planetary radius (from primary transits) are 
likely to be accurate to 5% since the star’s radius is known to this precision from 
modelling its spectrum. Similarly, estimates of the planetary mass (from radial 
velocity motion of star) are also likely to be only accurate to 5% since the star’s mass 
is only likely to be estimated to that accuracy. Hence, retrievals were performed not 
only with a priori profiles with the true mass and radius of Earth and Jupiter, but also 
with these perturbed by ±5% to quantify the effect of the uncertainty of these 
estimates on the retrieved atmospheric states. We should note that our assumed error 
on the planetary mass ignores the effects of stellar activity, would make it very 
difficult to detect the radial velocity modulations of an Earth-like planet around a 
Sun-like star. Hence, the initial error estimate of planetary mass might be actually be 
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more like 20-30% for Earth-like planets. However, for the purposes of this simple 
study an error of 5% in planetary mass was tested for both Earth and Jupiter. Finally, 
for the primary transit cases we assumed two further cases where the stellar radius 
was ±5% different from the nominal assumption. 
5. Secondary Eclipse Simulations 
Using our model Earth and Jupiter atmospheres, we simulated the flux as seen from 
our observer at 10 light-years distance with a 10-m diameter telescope  and compared 
these with the solar flux. Using the equations from the previous section we computed 
the photon-limited noise levels that could be achieved with 1, 1,000 and 1,000,000 
hours of transit observations. Our comparisons are shown in Fig. 5. As can be seen, 
the photon noise on the solar flux completely swamps the signal of the planetary flux 
for any practically achievable integration time. At our original spectral resolution of 
0.025 µm, we calculate that the required in-transit integration time to achieve a 
maximum SNR of ~80-100 is 1,000,000 hours for both the Earth and Jupiter. Since an 
Earth transit takes 13 hours and a Jupiter transit lasts approximately 30 hours, this 
would require 77,000 and 33,800 transits respectively. Given the orbital periods of 
Earth and Jupiter then the total observation time to achieve this level of precision for 
the Earth would be 77,000 years and for Jupiter, 402,000 years. This is clearly not 
feasible! 
Since it is the photon noise from the host star that swamps the planetary signal, 
we looked to see how detectable the Earth and Jupiter might be in secondary eclipse 
should they be orbiting a smaller, dimmer M-dwarf. Using a typical M-dwarf 
spectrum from the Kurucz catalogue, with R = 0.14RSun and M = 0.123MSun and 
L=0018LSun we moved Jupiter and the Earth to orbital distances from the host star 
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that would lead to the same radiative equilibrium temperature (0.22 and 0.04 AU 
respectively) and compared the planetary flux to the host star spectrum and to the 
expected noise levels for, again, 1, 1000, and 1,000,000 hours transit integration (also 
Fig. 5). As can be seen, there is some improvement in the detectability of such 
planets, but it is not dramatic. Similarly, the signal-to-noise (SNR) ratio can be 
improved if the resolving power is reduced. Fig. 5 also shows the simulation with the 
Sun as the host star and the FWHM of the instrument function increased from  
0.025 µm to Δλ = 1µm. As can be seen the SNR is again improved, but once more the 
improvement is not especially dramatic and any improvement comes at the expense of 
reduced spectral discrimination, which would make retrieving the conditions in these 
atmospheres much more difficult. 
Since the integration time required to observe Earth or Jupiter in secondary 
eclipse is so long for the Sun or M-Dwarfs, there is little reason to present the results 
of our test retrievals as these measurements are unfeasible. However, for interest test 
retrievals were performed for the case of 1,000,000 hours integration (giving a peak 
signal to noise ratio of ~50) and we found that our retrieved atmospheric conditions in 
all the test cases agreed within retrieval error with the ‘true’ atmospheric state for 
Earth, validating our retrieval model and our very simple atmospheric model. Fig. 6 
shows the simulated secondary eclipse spectra (about the Sun) for both Earth and 
Jupiter after 1,000,000 hours integration together with our best fits to them. For 
Jupiter, the model was complicated by the fact that the SNR of the synthetic spectrum 
exceeds 10 at wavelengths greater than 8-10 µm and also reaches values of 
approximately 20 in the 5-micron window, which is prominent as our model 
atmosphere was tuned to match the brightest 5-micron NIMS real-time spectrum. This 
feature is well known in Jupiter’s spectrum and is where, in the absence of clouds, the 
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atmosphere has low opacity between the phosphine and methane absorption bands 
allowing radiances from the 5-8 bar pressure level to reach space. Superimposed on 
this spectrum are features of ammonia and water vapour, whose abundances can thus 
be determined. The presence of this 5-µm feature means that the observed spectrum 
probes abundances at several very different levels in Jupiter’s atmosphere from deep 
below the clouds to high in the stratosphere. Using our initial retrieval assumption 
that the mixing ratios of different gases such as ammonia were constant with height 
we found that we were unable to fit the ‘measured’ spectrum very well since in fact 
very different deep tropospheric and upper tropospheric ammonia abundances are 
required. Hence, we had to impose extra constraints on some of the a priori gas 
abundance profiles to properly fit the measured synthetic spectrum. For water, our a 
priori profile was limited not to exceed the saturated vapour pressure, while for 
ammonia and phosphine, the abundance was forced to decrease at altitudes above 
about the 1 bar level at a fraction (0.3) of the pressure scale height. For the real case 
of Jupiter we know that this happens because of a mixture of condensation and 
photolysis. If we were to observe a Jupiter-like exoplanet we would naturally be led to 
the same conclusion of requiring the stratospheric abundance to be much less in order 
to gain an acceptable fit, and could thus demonstrate active photochemistry.  
6. Primary Transit Simulations 
Having established that secondary eclipses would be very difficult to use for 
determining conditions in the atmospheres of Earth and Jupiter, we then looked to see 
how detectable such atmospheres might be for primary transits, again for a 10-m 
diameter telescope at a distance of 10 light-years with the same instrumental 
properties as before. We again assumed: 1) a simple model of the temperature profile 
! ! !22!
with a stratospheric temperature determined by the radiative equilibrium temperature, 
a tropopause at 0.1 bar and adiabatically temperature at depth; 2) that gases were 
uniformly mixed; and 3) assumed a simple cloud model with a base height, opacity 
and scale height consistent with observations. Fig. 7 compares the AP/AS spectra of 
both Jupiter and Earth with the estimated noise spectrum for 1, 1,000,  and 1,000,000 
hours transit integration. At first sight the SNR looks very good (left hand panel of 
Fig. 7), but it soon becomes obvious that while even a 1-hour transit observation 
would easily detect the presence of an Earth, the atmospheric absorption features that 
need to be detected in order to determine the atmospheric conditions are much smaller. 
Fig. 7 also compares the atmospheric signal component of AP/AS (i.e. AP/AS – 
min(AP/AS)) with the noise spectrum and we can see that the SNR of detectable 
atmospheric features is considerably worse. However, we can also see that things look 
much more promising than the secondary eclipse case, especially at shorter 
wavelengths.  
We computed the transit integration times needed to obtain a peak atmospheric 
absorption signal SNR of ~100. For Earth we found that 1000 hours were required 
and given that an Earth transit lasts ~13 hours, this would require observing 77 
transits, leading to a total experiment time of 77 years, which is again not feasible. 
For Jupiter, however, we find that the observation of a single transit, lasting ~30 
hours, could determine the atmospheric absorption signal to a peak SNR of over 400. 
Such an observation would be achievable, although a telescope would have to be 
pointed at the Solar system for the precise 30 hours of Jupiter’s transit during its 11.9 
year orbit about the Sun to observe this and it would be difficult to perform stable 
observations over such a long period. We will return to this case later. 
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The case for observing primary transits of solar-system like planets about M-
Dwarfs is clear from Fig. 8, where we have shown the AP/AS spectra of both Jupiter 
and Earth with the estimated noise spectrum for 1, 1,000, and 1,000,000 hours transit 
integration orbiting a typical M-dwarf star. Since an M-dwarf has approximately 
1/10th the radius of the Sun, the eclipse caused by the passage of a solar-system like 
planet is much larger. In fact, for a planet as large at Jupiter, whose radius is also 
approaching 1/10th the radius of the Sun a very large SNR is predicted for even a 1 
hour transit, although the likelihood of partial transits will be much higher. About our 
M-dwarf, to achieve the same radiative equilibrium temperature as about the Sun, 
Earth would have to orbit at a distance of ~0.04 AU and would have a transit time of 
~1 hours, while Jupiter would have to orbit at a distance of 0.22 AU and would have a 
transit time (time for centre of planet to travel across the widest part of the star’s disc) 
of ~2.4 hours. Hence, again the transit spectrum of Jupiter could conceivably be 
recorded with high precision with a single transit, and with an orbit of ~100 days, 
there would not be so long to wait for the next one. However, the chances of a 
complete transit (i.e. where the disc of the planet passes entirely in front of the star) 
are rather small owing to the similarity in size between Jupiter and an M-dwarf. For 
the Earth, the orbital period would be ~9 days, and a single transit, lasting about 1 
hour, would give a peak SNR of ~14. To achieve a peak SNR of ~45 would require 
10 hours of integration, or equivalently 10 transits, which would demand an elapsed 
observation time of only 90 days, which is eminently feasible. 
6.1 Earth M-dwarf transit 
Figure 9 shows the simulated Earth transit spectrum of after co-adding ten M-dwarf 
transits and our fits to this spectrum (which were all so similar that they are 
indistinguishable in the figure) using our different initial assumptions of planet radius, 
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stellar radius and planetary mass. The absorption features of a number of gases are 
visible as peaks in this signal and Figure 10 shows our fitted temperature profile and 
mean gas abundances compared with the model profiles used to generate the synthetic 
observation spectrum. The gas abundance profiles plotted here are limited to those 
where the retrieval finds that the fitted abundance is significantly different from the a 
priori assumptions and the improvement factor (defined as 1 – (retrieval error)/(a 
priori error)) is shown. We should note here that although we retrieve a single 
abundance at all altitudes, what we are actually retrieving is the mean abundance at 
the altitude where we have most sensitivity, which varies for the different gases, 
depending on the position of their spectral features in the observed spectrum. This can 
be seen in Fig. 11, where we have computed the functional deriviatives (or Jacobians) 
of the temperature and abundance profiles for our best fit temperature profile and 
mean abundances. The Jacobians represent the rate of change of signal with respect to 
a change of abundance, i.e. dSj/dxi, where Sj is the signal at the jth wavelength and xi is 
the abundance of x at the ith vertical level in the atmosphere. For water, the sensitivity 
was highest from 10-1 to 10-2 atm near 6 µm, while for CO2 we are sensitive from 10-2 
to 10-4 atm at 4.3 and 15 µm. The Jacobians show some sensitivity to temperature 
(through its indirect effect on the scale height), but not at a level significant enough to 
move the retrieved temperature profile away from the a priori. We can see that the 
mean gaseous abundances are moderately close to the true values at the vertical level 
of maximum sensitivity, with the exceptions of CO2, which seems slightly 
overestimated, and H2O, whose retrieved abundance seems a little high. The Jacobian 
for CO2 peaks higher in the atmosphere than all other gases and it is likely that an 
excess of retrieved CO2 is a result of the actual temperature inversion in Earth’s 
atmosphere not being detected. As for H2O, most of the water in Earth’s atmosphere 
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is in the lower troposphere, where its absorption features can be masked with cloud. 
Table 1 compares the ‘true’ and modelled radius and cloud properties, where we see a 
reasonably good correspondence between the true and fitted values, although it seems 
hard to completely disentangle planetary radius from cloud opacity and we find that 
we consistently overestimate the cloud optical depth. It is thus possible that the H2O 
abundance is also being slightly overesitimated to give sufficient absorption above the 
clouds to match the synthetic ‘observed’ water feature. The abundance of O3 again 
appears very retrievable and has a clear feature at 9.6 µm, but the weak O2 feature at 
0.76 µm appears undetectable. This is caused by the low resolution of this simulation 
and also by obscuration due to the uniformly distributed clouds in our simple 
atmospheric model, which mask out the lower atmosphere (where most of the O2 
column abundance resides) in the very long limb pathlengths that light traverses in the 
primary transit geometry.  
6.2 Jupiter Solar Transit 
Figures 12 and 13 compare the ‘true’ and modelled spectra and abundance profiles, 
respectively for a single synthetic Jupiter transit observation of the Sun, while Table 2 
compares the ‘true’ and modelled radius and cloud properties. The gas abundance 
profiles plotted here are again limited to those where the retrieval finds that the fitted 
abundance is significantly different from the a priori assumptions and the 
improvement factor is shown. The Jacobians for the temperature profile and 
abundances are shown in Fig. 14. In this case, while the SNR spectrum again peaks at 
short wavelengths, there is significant detectability around the CH4 absorption 
features in the near-infrared and near 8 µm, and also to the absorption features of 
C2H2, C2H6 and CH4 absorption features at 12-14 µm. This sensitivity means that the 
stratospheric abundance of these gases can be determined, but also, surprisingly, that 
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the increasing temperature in the stratosphere can be determined indirectly through 
the effects of temperature on the atmospheric scale height, H, in Jupiter’s atmosphere 
through the relation H = RT/Mg, where T is the temperature, M is the mean molecular 
weight, R is the Universal Gas Constant, and g is the acceleration due to gravity. The 
effect is more pronounced for Jupiter’s atmosphere than Earth’s since the atmospheric 
scale height is larger (~26 km at the equator, compared with ~9 km for Earth) and 
Jupiter’s atmospheric absorption more vertically extended, with significant absorption 
up to the 150 – 200 km above the 1 bar level, compared with 30 – 40 km for the 
Earth. Test retrievals where we fixed the temperature profile to the a priori yielded 
very poor fits to the synthetic observed spectrum, especially at wavelengths longer 
than 5 µm. We did wonder, though, if this retrieval might be degenerate in that 
temperature and hydrocarbon abundances could be compensating for each other, 
leading to non-unique results. Hence, the retrievals were repeated with 0.1  × the 
initial a priori gas abundances and then 10 × the initial a priori gas abundances. We 
found that the retrieved temperature profile and gas abundances all agreed with the 
nominal case to within the retrieved error. It would thus appear that the stratospheric 
temperature profile and some gas abundances are clearly distinguishable in this 
geometry. Thus, while we do not normally expect to be able to infer temperature 
information from primary transits, it appears that in some cases such as this we 
actually can. We should note that in the primary transit geometry we are not sensitive 
to the troposphere since for limb paths the atmosphere ‘blacks out’ for levels at 
pressures below the tropopause, especially since we have an extended haze in the 
middle of the troposphere. Hence, we are insensitive the the abundances of gases such 
as NH3 and PH3 no matter how long we integrate. 
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7. Directly Observed Spectra 
These calculations have shown the difficulty in using transit spectra to measure the 
atmospheric conditions in cold planets like Jupiter or small terrestrial planets such as 
the Earth. The thrust behind the space-age exploration of space has, fundamentally, 
been the search to find life, or the conditions that might give rise to life, elsewhere in 
our universe. While Hot Jupiters and Hot Neptunes provide fascinating examples of 
how planets may form which are very different from those seen in our solar system, 
what really excites our collective imagination is the hope of eventually finding an 
Earth-like planet elsewhere in our galaxy. We have seen that transit observations are 
capable of detecting the presence of an Earth-like planet, but are less capable of 
measuring the spectrum with sufficient precision to determine the atmospheric 
temperature and composition. Hence, it will be difficult to use such observations to 
search for the spectral signatures that might indicate the presence of life, unless an 
Earth-like planet can be viewed in primary transit about a smaller M-dwarf star 
(although then we would need to consider the harmful effects of the high stellar 
activity of such stars on the evolution of life). For both primary transits and secondary 
eclipses it is the photon noise of the host star itself that swamps the signal we want to 
measure. If we could remove that light, then the task of characterising the 
atmospheres of these planets would be made much easier. One way of circumventing 
this problem is direct imaging. Some exoplanets have already been directly imaged 
and their spectra modelled (e.g. Bonnefoy et al. 2013; Currie et al. 2013; Konopacky 
et al. 2013; Lee, Heng and Irwin, 2013) although such exoplanets to date have more 
in common with brown dwarfs than they do with solar system terrestrial planet 
analogues, for which direct imaging is much more challenging.  
! ! !28!
Assuming complete cancellation of sunlight we calculated the integration time 
necessary to measure the flux spectra of Earth and Jupiter in direct imaging mode to a 
SNR > 100 using our photon noise model and found that just 30 minutes is 
thoeretically sufficient. In practice, however, many detection systems do not meet the 
photon noise limit and to achieve perfect nulling is very difficult. However, assuming 
the best currently available estimates of the noise perfomance of present-day detector 
technologies and assuming complete cancellation of the Sun’s spectrum, Fig. 15 
compares the flux spectra of Earth and Jupiter (in units of power, or electron/s, per 
pixel covering 0.025 µm of the spectral range), with the noise spectrum that could be 
achieved with just 1 hour’s integration and shows that the spectra of both Earth and 
Jupiter could be well determined.  
One way to directly image the Earth and Jupiter from 10 light-years away would 
be to use nulling interferometry, such as with the proposed ESA/Darwin (Léger et al., 
2007; Cockell et al., 2009a,b) or NASA/TPF-Interferometer (Lawson et al., 2009) 
missions. Such mission proposals use very long baseline interferometry to 
interferometrically cancel out the light from the star, leaving just the emission from 
orbiting planets. For reference the maximum elongation of Jupiter from the Sun for an 
observer at 10 light-years is 1.6 arcsec, while for the Earth it is 0.3 arcsec. Figure 15 
also shows the photon noise of the Sun if it could be nulled by a factor of 105 as was 
proposed for Darwin and we see that while observations are more difficult in the near-
infrared, atmospheric absorption features could be detected for both planets by mid-
IR observations with sufficient integration. We should stress here that we have 
assumed 10 m diameter telescopes, whereas the Darwin proposal assumed smaller 2-3 
m telescopes and was thus less optimistic about the possibility of detecting earth-like 
planets (Cockell et al., 2009a,b).  
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The other main proposed method of direct imaging solar-system-like planets is to 
physically shade out the light from the central star, either with a space-borne occulter 
working in conjuction with a separate space telescope, such as the New Worlds 
Mission (Cash et al., 2009), or with coronography techniques such as the NASA/TPF-
Coronograph (Levine et al., 2009) or more recently ATLAST (Postman et al., 2012). 
If such a mission were to go ahead it is likely that it would operate at visible 
wavelengths and current state-of-the-art coronograph designs can null the star light by 
a factor 10-10 within their optimal range of working angles. At this level of 
performance, the detection of Earth-like absorption features becomes potentially 
feasible and proposed space telescopes such as ATLAST are developing these 
concepts with 10-m class telescopes that could potentially be used to search for Earth-
like analogues. Fig. 16 shows the Earth spectrum at this range, which shows 
absorption features of water, CO2, O3, and molecular oxygen (O2) at 0.76 µm. It can 
be seen that at our nominal resolution of 0.025 µm, the O2 feature is difficult to 
distinguish. Hence, we also ran our calculations at ten times the spectral resolution 
(0.0025 µm) to give spectra which are compared with the original lower resolution 
spectra in Fig.16. At this resolution the O2 feature is clearly detectable, assuming we 
could achieve sufficient nulling. Figure 16 also shows the photon noise of the Sun 
assuming 105 nulling and we can see that the noise is considerably greater than the 
signal and likely instrument noise and that this problem naturally amplifies at the 
higher spectral resolution needed to discriminate the O2 absorption. However, if a 
nulling factor of 1010 could indeed be achieved it can be seen that we could easily 
detect the O2 absorption feature at this wavelength with a 10m telescope. It goes 
without saying that it would be profoundly interesting if we could detect such an O2 
signal in the directly imaged spectrum of an exoplanet.  
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Although direct observations of solar-system-like planets are likely to be 
challenging in practice, and the Darwin and TPF missions studies were abandoned on 
the grounds that they are not technically and financially achievable, technology is 
improving rapidly. Concept studies such as ATLAST suggest that, perhaps quite 
soon, the case for such a mission could be convincingly made. This study supports the 
view that such a mission provides the best method for characterising the atmospheric 
properties of an Earth-like planet orbiting a Sun-like star.  
8. Conclusions 
We have shown in this paper, that were it possible to observe the primary transit and 
secondary eclipse spectra of planets such as the Earth and Jupiter with sufficient 
precision, that the bulk properties of their atmospheres could be reliably retrieved 
with currently existing retrieval techniques, assuming limited prior knowledge. We 
have also shown that for Earth, the spectral absorption features of O3 are retrievable in 
the primary transit geometry, should such a planet be orbiting an M-dwarf, from 
which we might infer evidence of life, although we would have no way of 
determining atmospheric temperature. However, we have also shown that, with the 
notable exception of Jupiter in the case of primary transit, transit spectroscopy is not 
an optimal method for measuring the atmospheric properties of solar-system-like 
planets orbiting sun-like stars since the photon noise of the host star completely 
swamps the signature spectra of the planets. For the case of the primary transit of 
Jupiter in front of the Sun we find that both the temperature and hydrocarbon 
abundances in Jupiter’s stratosphere could be determined in a single transit. Putting 
this result to one side, though, we conclude that to search for the spectral 
characteristics of the atmospheres of Earth-like planet atmospheres orbiting Sun-like 
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stars we must attempt to remove the light from the host star, through such techniques 
as coronography or nulling-interferometry. The technical feasibility of such 
observations is still in development, but this study supports the view that such 
missions and approaches are very much worth pursuing and could potentially reap 
rich rewards in the study of planetary science and in the search for extraterrestrial life 
in our galaxy. 
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Appendix A 
Supplementary data, including reference noiseless primary transit and secondary 
eclipse spectra of Earth and Jupiter, associated with this article can be found at: 
http://users.ox.ac.uk/~atmp0035/exodata/irwin_2014_ref_spectra.txt . 
  
! ! !32!
References 
Anderson, G.P., Clough, S.A., Kneizys, F.X., Chetwynd, J.H., Shettle, E.P. 1986. 
AFGL Atmospheric Constituent Profiles (0-120km). AFGL-TR-86-0110. 
Barstow, J.K., Aigrain S., Irwin, P.G.J., Hackler, T., Fletcher, L.N., Lee, J.-M., 
Gibson, N.P. 2014. Clouds on the hot Jupiter HD189733b: constraints from the 
reflection spectrum. Ap. J., 786, 154. 
Barstow J.K., Aigrain, S., Irwin, P.G.J., Bowles, N., Fletcher, L.N., Lee, J.-M. 2013a. 
On the potential of the EChO mission to characterise gas giant atmospheres. 
MNRAS 430, 1188 – 1207. 
Barstow, J. K., Aigrain, S., Irwin, P. G. J., Fletcher, L. N., Lee, J.-M. 2013b. 
Constraining the atmosphere of GJ 1214b using an optimal estimation technique. 
MNRAS 434,  2616 – 2628. 
Benneke, B., Seager, S. 2012. Atmospheric Retrieval for Super-Earths: Uniquely 
Constraining the Atmospheric Composition with Transmission Spectroscopy. Ap.J. 
753:100 
Benneke, B., Seager, S. 2013. How to Distinguish between Cloudy Mini-Neptunes 
and Water/Volatile-dominated Super-Earths. Ap.J. 778:153.  
Bétrémieux, Y., Kalteneggar, L. 2013. Transmission Spectrum of Earth as a 
Transiting Exoplanet from the Ultraviolet to the Near-infrared. Ap.J. 772, L31. 
Bonnefoy et al. 2013. The near-infrared spectral energy distribution of β Pictoris b. 
A&A 555, A107. 
! ! !33!
Bowles, N., Calcutt, S.B., Irwin, P.G.J., Temple, J. 2008. Band parameters for self-
broadened ammonia gas in the range 0.74 to 5.24 µm to support measurements of 
the atmosphere of the planet Jupiter. Icarus 196, 612 – 624. 
Cash, W. et al. (2009) The New Worlds Observer: the astrophysics strategic mission 
concept study. Proc. SPIE. 7436, UV/Optical/IR Space Telescopes: Innovative 
Technologies and Concepts IV, 743606. doi: 10.1117/12.827486 
Cockell, C.S. et al. 2009a. Darwin—an experimental astronomy mission to search for 
extrasolar planets. Experimental Astronomy  23, 435 – 461. 
Cockell, C.S. et al. 2009b. Darwin-A Mission to Detect and Search for Life on 
Extrasolar Planets. Astrobiology 9, 1 – 22. 
Coradini, A. et al. 2007. VIRTIS: an imaging spectrometer for the Rosetta mission. 
Space Sci. Rev. 128, 529 – 559. 
Currie et al. 2013. A combined Very Large Telescope and Gemini study of the 
atmosphere of the directly imaged planet, β Pictoris b. Ap.J. 776:15. 
de Wit, J., Seager, S. 2013. Constraining Exoplanet Mass from Transmission 
Spectroscopy. Science 342, 1473 – 1477. 
Flasar, F.M. et al. 2004. Exploring The Saturn System In The Thermal Infrared: The 
Composite Infrared Spectrometer. Space Science Reviews 115, 169 – 297. 
Fletcher, L.N., Orton, G.S., Teanby, N.A., Irwin, P.G.J. 2009. Phosphine on Jupiter 
and Saturn from Cassini/CIRS. Icarus 202, 543 – 564 
Goody, R.M., West, R., Chen, L., Crisp, D. 1989. The correlated-k method for 
radiation calculations in nonhomogeneous atmospheres. J.Q.S.R.T. 42, 539 – 550. 
! ! !34!
Goody, R.M., Yung, Y.L. (1989) Atmospheric Radiation: Theoretical Basis (Second 
Edition). Oxford University Press, Oxford. UK. 
Hale, G.M., Query, M.R. 1973. Optical constants of water in the 200 nm to 200 µm 
wavelength region. Appl. Opt. 12, 555 – 563. 
Irwin, P.G.J., Teanby, N.A., de Kok, R., Fletcher, L.N., Howett, C.J.A., Tsang, 
C.C.C., Wilson, C.F., Calcutt, S.B., Nixon, C.A., Parrish, P.D. 2008. The 
NEMESIS planetary atmosphere radiative transfer and retrieval tool. J. Quant. 
Spectrosc. and Rad. Trans. 109, 1136 – 1150. 
Irwin, P.G.J. 2009. Giant Planets of our Solar System: Atmospheres, Composition and 
Structure. Springer-Praxis. 
Irwin, P.G.J., Parrish, P., Fouchet, T., Calcutt, S.B., Taylor, F.W., Simon-Miller, 
A.A., Nixon, C.A. 2004. Retrievals of Jovian tropospheric phosphine from 
Cassini/CIRS. Icarus 172, 37 – 49. 
Irwin, P.G.J., Weir, A.L., Taylor, F.W., Calcutt, S.B. 2001. The origin of belt/zone 
contrasts in the atmosphere of Jupiter and their correlation with 5-micron opacity. 
Icarus 149, 397 – 415. 
Kaltenegger, L., Traub, W.A. 2009. Transits of Earth-like Planets. Ap.J. 698, 519 – 
527. 
Karkoschka, E., Tomasko, M. 2010. Methane absorption coefficients for the jovian 
planets from laboratory, Huygens, and HST data. Icarus 205, 674 – 694. 
Karkoschka, E. 1994. Spectrophotometry of the Jovian planets and Titan at 300- to 
1000-nm wavelength: The Methane spectrum. Icarus 111, 174 – 192. 
! ! !35!
Konopacky, Q.M., Barman, T.S., Macintosh, B.A., Marois, C. 2013. Detection of 
carbon monoxide and water absorption lines in an exoplanet atmosphere. Science 
339, 1398 – 1401. 
Kreidberg, L., et al. 2014. Clouds in the atmosphere of the super-Earth exoplanet 
GJ1214b. Nature 505, 69 – 72. 
Lacis, A.A., Oinas, V. 1991. A description of the correlated-k distribution method for 
modelling nongray gaseous absorption, thermal emission, and multiple scattering 
in vertically inhomogenous atmospheres. J. Geophys. Res. 96, 9027 – 9063. 
Langford, S.V., Wyithe, S.B., Turner, E.L. 2009. Photometric variability in earthshine 
observations. Astrobiology 9, 305 – 310. 
Lawson, P.R. et al. 2009. Technology for a Mid-IR Flagship Mission to Characterize 
Earth-like Exoplanets. http://exep.jpl.nasa.gov/TPF-I. 
Lee, J.-M., Heng, K., Irwin, P.G.J. 2013. Atmospheric Retrieval Analysis of the 
Directly Imaged Exoplanet HR 8799b. Ap.J 778:97. 
Lee, J.-M., Fletcher, L.N., Irwin, P.G.J. 2012. Optimal Estimation Retrievals of the 
Atmospheric Structure and Composition of HD 189733b from Secondary Eclipse 
Spectroscopy. MNRAS 420, 170 – 182. 
Léger, A., et al. 2007. DARWIN mission proposal to ESA. Astro-ph, 
arXiv:0707.3385. 
Léger. A., Mariotti, J.M., Nennesson, B., Ollivier, M., Puget, J.L., Rouan, D., 
Schneider, J. 1996. Could We Search for Primitive Life on Extrasolar Planets in 
the Near Future? Icarus 123, 249 – 255. 
Levine, M. et al. 2009. Terrestrial Planet Finder – Coronagraph (TPF-C) Flight 
Baseline Mission Concept. http://exep.jpl.nasa.gov/TPF-C. 
! ! !36!
Line, M., Wolf, A.S., Knutson, H., Kammer, J.A., Ellison, E., Deroo, P., Crisp, D., 
Yung, Y.L. 2013. A Systematic Retrieval Analysis of Secondary Eclipse Spectra. 
I. A Comparison of Atmospheric Retrieval Techniques. Ap. J. 775, 137 – 158. 
Montañés-Rodriguez, P., Pallé, E., Goode, P.R., Hickey, J., Koonin, S.E. 2005. 
Globally integrated measurements of the Earth’s visible spectral albedo. Ap.J. 629, 
1175 – 1182. 
von Paris, P., Hedelt, P., Selsis, F., Schreier, Trautmann, T. 2013. Characterization of 
potentially habitable planets: Retrieval of atmospheric and planetary properties 
from emission spectra. A&A 551, A120 – 133. DOI: 10.1051/0004-
6361/201220009.  
Plass, G.N., Kattawar, G.W, Catchings, F.E. 1973. Matrix operator method of 
radiative transfer. 1: Rayleigh scattering. Appl. Opt. 12, 314 – 329. 
Postman, M. et al. (2012) Advanced Technology Large-Aperture Space Telescope: 
science drivers and technology developments. Opt. Engineering 51, 011007. 
Robinson, T.D., Catling, D.C. 2014. Common 0.1bar tropopause in thick atmospheres 
set by pressure-dependent infrared transparency. Nature Geoscience 7, 12 – 15. 
Robinson, T.D., Maltagliati, L., Marley. M.S., Fortney, J.J. 2014. Titan solar 
occultation observations reveal transit spectra of a hazy world. PNAS (in press). 
eprint arXiv:1406.3314. 
Rodgers, C.D. 2000. Inverse Methods for Atmospheric Sounding: Theory and 
Practice. World Scientific, Singapore. 
Rothman, L.S. et al. 2008. The HITRAN 2008 molecular spectroscopic database. J. 
Quant. Spectrosc. and Rad. Trans. 110, 533 – 572. 
! ! !37!
Rugheimer, S., Kaltenegger, L., Zsom, A., Segura, A., Sasselov, D. Spectral 
Fingerprints of Earth-like Planets Around FGK Stars. Astrobiology 13, 251 – 269. 
Sromovsky, L.A., Fry, P.M. 2010. The source of 3-µm absorption in Jupiter’s clouds: 
Reanalysis of ISO observations using new NH3 absorption models. Icarus 210, 211 
– 229. 
Tinetti, G., Meadows, V.S., Crisp, D., Kiang, N.Y., Khan, B.H., Fishbein, E., 
Velusamy, T., Turnbull, M. 2006. Detectability of Planetary Characteristics in 
Disk-Averaged Spectra II: Synthetic Spectra and Light-Curves of Earth. 
Astrobiology 6, 881 – 900. 
Tinetti., G. et al. 2012. EChO. Exoplanet characterisation observatory. Experimental 
Astronomy 34, 311 – 353. 
 
! ! ! 38!
Tables 
Table 1. Retrieved properties from Earth primary M-dwarf transit simulation. Here Radius is the planetary radius at the ground, Tau is the nadir 
cloud optical depth (at 1 µm), and H is the altitude at the base of the cloud. The cloud was assumed to be thin with a fractional scale height equal 
to 0.1. Comparing the a priori with the retrieval error gives an indication of the sensitivity that the retrieval has to the parameter in question, 
since if there is no sensitivity then the retrieval error is the same as the a priori error. Here we can see that we are very sensitive to Radius, not 
sensitive to the cloud base altitude and slightly sensitive to the cloud optical depth. 
 Nominal Mass 
Reduced 
Mass 
Increased 
Radius 
Reduced 
Radius 
Increased 
Reduced 
Star Radius 
Increased 
Star Radius 
A priori 
error 
Retrieval 
Error 
True 
Radius 
(km) 
6371.0 6369.0 6689.2 6372.3 6052.7 6054.6 6686.8 100. 1.0 6378.14 
Tau 0.46 0.62 0.46 0.38 0.43 0.32 0.65 0.1 0.03 0.1 
H (km) 5.1 5.3 5.1 5.1 5.0 5.0 5.4 1.0 1.0 5 
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Table 2. Retrieved properties from Jupiter primary transit simulation. Here Radius is the planetary radius at the 1 bar level, Tau is the nadir 
cloud optical depth (at 1 µm), and H is the altitude at the base of the cloud. The cloud was assumed to be extended with a fractional scale height 
equal to 0.5. Comparing the a priori with the retrieval error we can see that we are again very sensitive to Radius, and moderately sensitive to 
the cloud base altitude and cloud optical depth. 
 Nominal Mass 
Reduced 
Mass 
Increased 
Radius 
Reduced 
Radius 
Increased 
Reduced 
Star Radius 
Increased 
Star Radius 
A priori 
error 
Retrieval 
Error 
True 
Radius 
(km) 
71489.7 71486.9 71492.4 71489.1 75060.3 67918.2 71489.7 100. 0.5 71492.0 
Tau 5.49 7.80 5.92 6.60 8.02 4.35 5.49 5.0 1.5 5.2 
H (km) 11.8 10.7 10.2 11.5 11.8 10.6 11.8 2.0 1.0 12.95 
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Figures 
 
Figure 1. Comparison between measured (NIMS, ISO/SWS, CIRS and ground based 
(Karkoschka 1994)) and our calculated synthetic Jupiter radiance spectrum for 
different observing geometries and assumed particle scattering characteristics as 
described in the text. The top panel compares measured spectra with our calculation at 
the NIMS observing geometry of solar zenith angle = 42°, viewing zenith angle = 0° 
and azimuth angle = 0°. The middle panel compares the observations with a more 
representative disc-averaged case (most consistent with ISO/SWS) of solar zenith 
angle = 45°, viewing zenith angle = 45° and azimuth angle = 180° . The bottom panel 
also compares the model and observations in the disc-averaged case, but here the 
single scattering albedo has been adjusted in the 0.4-0.7 µm and 2.5-3.0 µm regions to 
obtain a better agreement between the model and measurements. 
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Figure 2. Comparison between measured and synthetic Jupiter reflectivity (I/F) 
spectra for different observing geometries and assumed particle scattering 
characteristics. Again, the top panel compares measured spectra with our calculation 
at the NIMS observing geometry of solar zenith angle = 42°, viewing zenith angle = 
0° and azimuth angle = 0°. The middle panel compares the observations with a more 
represenative disc-averaged case (most consistent with ISO/SWS) of solar zenith 
angle = 45°, viewing zenith angle = 45° and azimuth angle = 180° . The bottom panel 
is also for  the disc-averaged case, but here the single scattering albedo has been 
adjusted in the 0.4-0.7 µm and 2.5-3.0 µm regions to obtain a better agreement. 
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Figure 3. Comparison between measured and synthetic Earth near-infrared radiance 
and reflectivity (I/F) spectra for the disc-averaged observing geometry of solar zenith 
angle=45°, viewing zenith angle=45°, azimuth angle=180°, and also the mean 
geometry of the Rosetta/VIRTIS disc observations. 
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Figure 4. Retrieved near-infrared mean surface albedo spectrum of the Earth 
compared with typical albedo spectra of representative surfaces extracted from the 
JPL ASTER Spectral Library (http://speclib.jpl.nasa.gov/search-1). The a priori 
albedo was set to 0.2±0.2 at all near-IR wavelengths. It can be seen that the solution 
has not moved very far from the a priori at wavelengths longer than 2 µm. 
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Figure 5. Disc-integrated flux spectra of Earth and Jupiter compared with that of the 
Sun and also an M-dwarf. The noise levels for different periods of integrations are 
also shown. Panel A (top left) shows the case with the Sun as the host star and a 
spectral resolution of 0.025 µm. Panel B (top right) shows the same calculation for an 
M-dwarf, where the planets have been moved closer to the star to achieve the same 
radiative equilibrium temperature. Panel C (bottom left) shows the calculations with 
the Sun as the host star again, but with the spectral resolution degraded to 1.0 µm.  
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Figure 6 Top row shows a simulated secondary eclipse spectrum of the Earth (left) 
and Jupiter (right) after 106 hours integration assuming our standard model 
atmospheres together with the error limits (grey region) and our best fit spectra from 
our different test cases (coloured or non-solid lines, colours or linestyles are indicated 
in Fig. 10). Middle row shows the difference between the modelled and synthetic 
measured spectra (coloured or non-solid lines, corresponding to the different 
perturbed cases described in the text) together with the estimated noise values (grey 
region). Bottom row shows the SNR of the synthetic measured spectrum. 
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Figure 7. Planet/Star area ratios for the Earth and Jupiter compared with the Sun and 
also with the precision with which this quantity could be determined from observing 
primary transits for different integration times. The left hand panel shows that such 
observations can detect the presence of a solar system target with ease. However, the 
right hand panel shows that to measure the spectral features in the AP/AS ratio that 
contain information on the atmospheric structure requires considerably longer 
integration times. 
 
Figure 8. As Figure 7, but for the case of Eath and Jupiter orbiting an M-dwarf. It can 
be seen that the detectability of atmospheric features is greatly improved over the case 
when the host star is the Sun.  
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Figure 9. As Fig. 6, but for ten primary transits of the Earth about an M Dwarf (10 
hours transit integration time), with our seven different initial assumptions of: 1) 
nominal; 2) reduced planetary mass; 3) increased planetary mass; 4) reduced 
planetary a priori radius; 5) increased planetary a priori radius; 6) reduced stellar 
radius; and 7) increased stellar radius. Note that the fits for the different cases are all 
so similar that they are indistinguishable. Note also that the SNR is calculated as 
(spectrum-min(spectrum))/error. 
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Figure 10 Retrieved profiles from observing ten transits of the Earth about an M-
Dwarf. The different retrieval cases are: 1) nominal; 2) reduced planetary mass; 3) 
increased planetary mass; 4) reduced planetary a priori radius; 5) increased planetary 
a priori radius; 6) reduced stellar radius; and 7) increased stellar radius. The top left 
panel shows the retrieved temperature profiles for the different cases (colours or 
linestyles indicated) compared with the true profile (dashed line) and a priori profile 
(dotted line). In this case, where there is no temperature imformation, the fitted 
profiles all lie on top of the a priori profile. The other panels show the mean retrieved 
abundances of the most retrievable gases with their improvement factors (see main 
text) quoted in the labels. Here the true profiles are again shown as the dashed lines, 
while the fitted profiles are shown by the coloured or non-solid lines. It can be seen 
that the retrieved profiles in all seven cases are almost indistinguishable compared 
with the true variation of these parameters in Earth’s atmosphere. 
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Figure 11. Jacobians (or functional derivatives) for the temperature and abundance 
profile retrievals for 10 transits of an Earth-like planet about an M-dwarf, showing the 
position of main absorption features and also the vertical levels at which the Jacobians 
are most sensitive. 
! ! !50!
 
Figure 12. As Fig. 9, but for a single primary transit of Jupiter in front of the Sun.  
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Figure 13. As Fig. 10, but for a single Jupiter primary transit of the Sun. In all plots 
the dashed lines are the true profiles. For the top left plot, showing the temperature 
profile, the dotted line is the assumed a priori temperature profile. 
 
Fig. 14. As Fig.11 but for a single Jupiter transit of the Sun. 
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Figure 15. Disc-integrated fluxes of Earth (blue or dark grey) and Jupiter (red or light 
grey) for direct imaging, converted to power/spectral element (covering 0.025 µm of 
the spectral range) in the left hand panel for a 10m telescope at 10 light years with 
τ=0.5, Q=0.7 and Δλ=0.025 µm, integrating for 1 hour. The right hand panel 
expresses these spectra in terms of electrons/pixel/s together with the noise 
performance of the best currently available detectors (green or dashed line) and also 
the photon limited noise values (dotted lines), both for a 1-hour integration. The pink 
(or solid black) line shows the photon noise from the Sun that arises from incomplete 
nulling of the Sun’s light to a factor of 105.  
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Figure 16. Disc-integrated fluxes per spectral element of Earth for direct imaging at 
original resolution of Δλ=0.025 µm (blue or dark grey) and at Δλ=0.0025 µm (red or 
light grey), both observed for 1 hour. As in Fig. 13, the left hand panel shows the 
power/spectral element for a 10m telescope at 10 light year with τ=0.5, Q=0.7, while 
the right hand panel expresses these in terms of electrons/pixel/s together with the 
noise performance of current detectors (green, or long-dashed line) and also the 
photon limited noise values (dotted lines), both for a 1-hour integration. The right 
hand panel also shows the photon noise from the incompletely nulled Sun (nulling = 
105) at a resolution of Δλ=0.025 µm (pink, or black) and also Δλ=0.0025 µm (cyan, 
or dashed). In the colour version the dashed lines of the same colour show the Sun’s 
photon noise assuming a nulling of 1010. In the black and white version the same 
spectra are indicated with dash-dot and dash-dot-dot lines. The shallow absorption 
caused by the Chappuis ozone bands can just be discerned, centred on 0.55 µm, at 
both resolutions while the O2 line at 0.76 µm is only clearly distinguishable at the 
Δλ=0.0025 µm resolution.  
